1. The effect of extracellular volume expansion (ECVE) during water diuresis, and of water diuresis alone, on the formation of free water in man was compared.
Introduction
Acute extracellular volume expansion (ECVE) depresses sodium reabsorption in the proximal tubule, but it remains uncertain whether reab sorption in the distal nephron is also reduced. On the one hand, Barton, Lackner, Rector & Seldin (1972) could not detect any blunting of tubular reabsorption of sodium chloride at the diluting seg ment during volume expansion in dogs. On the other hand, Bennett (1973) and Danovitch & Bricker (1976) showed that ECVE impaired distal transport in dogs. Only Alexander, Doner, Auld & Levinsky (1972) have studied this question in man, and their findings suggest distal inhibition of sodium reabsorption during acute ECVE. How ever, Alexander et al. (1972) did not exclude the possibility that the increase in free water clearance for given rates of urine flow was blunted by the flooding of the diluting site with poorly reabsorbable bicarbonate ion (Rosin, Katz, Rector & Seldin, 1970) rather than by a direct inhibitory effect of ECVE on distal sodium transport. The source of this bicarbonate could be diminution of proximal tubular reabsorption of bicarbonate under the influence of ECVE (Kurtzman, 1970) .
We have investigated the effect of acute ECVE on sodium chloride reabsorption in the distal nephron of man using a method that focuses on chloride delivery to, and chloride reabsorption from, the diluting site. This eliminates the contri bution to urine flow of the water retained with poorly reabsorbable bicarbonate ion at the diluting site. To the best of our knowledge, this approach has not been previously utilized to study distal tubular reabsorption of sodium chloride in man.
Methods
Fifteen male volunteer subjects, aged between 20 and 30 years, were studied. All were kept on a regular hospital diet, containing at least 100 mmol of sodium/day, and had normal renal func tion judged by normal urinalysis, maximum urinary osmolality greater than 900 mosmol/kg, and normal creatinine clearance. Informed consent was obtained. On the morning of the experiment, six subjects received an oral water load of 20 ml/kg body weight, and sustained water diuresis was maintained by oral replacement equal to urine volume. A steady-state water diuresis and urine osmolality below 75 mosmol/kg were used as the criteria of adequate suppression of antidiuretic hormone.
After a steady-state water diuresis was initiated as described above, ECVE with sodium chloride solution was begun in nine subjects. Volume expansion was performed with 2500 ml of sodium chloride solution (150 mmol/1) infused intra venously at a rate of 15 ml/min. Subjects were in the recumbent position during the study, and were allowed to sit only for voiding. During the sodium chloride load, urine was collected by voiding at intervals of 15 min, and venous blood samples were drawn with minimum stasis at the midpoint of each clearance collection. At the end of each clearance period water was given orally in amounts equal to the urine volume.
After an appropriate priming dose, a sustained infusion of inulin and p-aminohippurate in sodium chloride solution was given by constant infusion pump. The glomerular filtration rate (GFR) and renal plasma flow were measured by inulin and paminohippurate clearances respectively. All blood and urine samples were analysed for inulin, paminohippurate, sodium, chloride and osmolality by methods previously described from our laboratory (Better, Tuma, Richter-Levin, Szylman, Geresh, Elbaz & Chaimovitz, 1972) . Urinary chloride concentration was measured by the method of Schales & Schales (1970) . Free water clearance was determined from the formula:
where V is the urine flow rate and U osm and P osm . represent urine and plasma osmolality respectively. Urine flow was employed as an estimate of sodium delivery to the diluting segment and C water /100 ml GFR as an index of sodium transport at this site of the nephron.
(C water + C cl )/100 ml GFR was used as an estimate of distal delivery of chloride. Com parisons of data were made by unpaired ί-tests, and analysis of covariance was used to compare regression lines. Values are given as mean + 1 SD.
Results
The average clearance of inulin, derived from the last three urine collections, was similar in both groups (125 ± 11-7 ml/min for the water diuresis group, and 123 ± 10-9 ml/min for the ECVE group), but average p-aminohippurate clearance was greater in the ECVE group (694 + 43· 9 ml/min compared with 475 ± 39-7 ml/min, P < 0-001). Average urine volume was 21-6 + 1·5 ml/min in the water diuresis group, and 26-1 ±2-4 ml/min in the ECVE group (P < 0-001). The mean clearance of sodium in the ECVE group was 4-2 ± 0-5 ml min-1 100 ml -1 GFR, compared with 1-6 ± 0-2 ml min -1 100 ml -1 GFR in the water diuresis group (P < 0-001). Plasma sodium values were similar in both groups. Average urinary osmolality for the water diuresis group was 51 ± 2-1 mosmol/kg, and for the ECVE group 81 + 5-3 mosmol/kg. Fig. 1(a) shows the relation between C watei /100 ml GFR and K/100 ml GFR during water diuresis, and after acute ECVE. It can be seen that ECVE lowers the generation of free water for any given value of V as compared with water diuresis, and the slope of the regression line for ECVE is signifi cantly different from the slope of the water diuresis regression line (0-49 compared with 0-86; P < 0-005).
In Fig. l{b) , C watei /100 ml GFR has been plotted against distal chloride delivery (C water + C c ,)/100 ml GFR.
For any given rate of distal chloride delivery, ECVE causes a lowering of free water generation as compared with water diuresis. The slope of the regression line falls from 0-89 to 0-46 after ECVE, values very similar to that obtained using V as the distal delivery term (P < 0-005).
Discussion
The term for distal delivery of chloride (C water + C cl ) is based on the assumption that, under hydrated conditions, free water is formed mainly by the active reabsorption of chloride in the thick ascending limb of the loop of Henle, followed by passive reabsorption of sodium ion (Burg & Green, 1973) . Thus, in this context, the rate of delivery of chloride ion to the distal nephron approximates to the sum of C water plus the clearance of chloride ion, C c| . Under conditions of maximal suppression of antidiuretic hormone, urinary volume approxi mates to the volume of tubular fluid delivered out of the proximal fluid. A potential source of error in these assumptions is that even during maximal suppression of the antidiuretic hormone, some water back-diffuses in the collecting duct (Jamison, Buerkert & Lacy, 1971 ). Thus C water + C c , under estimates distal chloride delivery and C water under estimates chloride transport at the diluting site.
This factor of error, however, was probably common to both groups, and the average urinary osmolalities in both groups of less than 100 mosmol/kg suggest a similar degree of suppression of antidiuretic hormone. Our results show that ECVE with sodium chloride solution causes a blunting of free water generation for given rates of distal delivery ex pressed as urinary flow rate (V). Such a blunting of Cwater persists even when distal delivery is ex pressed as the chloride term (C water + C a )/100 ml GFR. The possibility that ECVE may act by increasing distal delivery of the poorly reabsorbable bicarbonate ion, which could then osmotically obligate water, and thus attenuate free water formation (Rosin et al., 1970) , has been excluded by substitution of the chloride term to represent distal delivery. These findings confirm the obser vations of Alexander et al. (1972) on the effect of acute ECVE on distal sodium chloride transport and extend it by a separate analysis of chloride delivery and transport.
The cause of the blunted free water generation for given rates of V after acute ECVE is unknown. We found a linear increase in C water for increasing values of distal delivery, and at no value of distal delivery did C water fall, suggesting that the sodium chloride transport mechanism of the diluting seg ment was not saturated. A microperfusion study of the loop by Morgan & Berliner (1969) also showed that sodium reabsorption in the loop increases with distal delivery, without reaching a maximal rate. There is therefore little doubt that ECVE does not depress distal sodium transport by exceeding the reabsorptive capacity of the diluting site. Distal sodium transport appears to be inhibited, as Alexander et al. (1972) have shown to occur in the proximal tubule after acute ECVE. Thus sodium chloride transport along the entire length of the nephron can be modulated by ECVE with sodium chloride solution. The relative contribution of the various segments of the distal nephron in this process cannot be established by clearance methodology, the only technique available for this purpose in man.
Finally, it is of interest to compare our results in man with the findings of others in the dog. We found blunting of the increase in C water after ECVE with sodium chloride solution of approximately 3% of body weight. In striking contrast to this, in the dog, attenuation of the increase in C water appears only after an ECVE of approximately 10% (Danovitch & Bricker, 1976; Bennett, 1973) . This species difference in the response to ECVE shows that caution is necessary in extrapolating from dog toman.
